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論 文 内 容 要 旨          
Glaciers are an important source of water for the mountainous basins of the Andes and the nearby 
population. One special case is the city of El Alto. With more than one million habitants and located above 
4000 m above sea level, El Alto is the poorest Bolivian city with a water demand below the minimum water 
requirement threshold for meeting the basic human needs. Besides, the future scenario may get worse since 
climate change and global warming are predicted to have serious consequences in Bolivia. Due to global 
warming Andean glaciers have experienced an accelerated retreat process over the last three decades; many 
small glaciers are already gone or were predicted to be gone within the near future. Unfortunately, the 
problems of future consequences of global warming are not yet quantified and several questions remain 
unanswered: How much water is provided by glaciers? What will be the future water discharge? The 
problem has not yet been quantified and our predictive understanding of future Andean water supply is very 
limited and virtually has no impact on improving the livelihood of affected people.  
Data scarcity and the requirement of analytical tools for modelling the future hydrological response of 
glacierized basins under different possible scenarios are key problems that limit the understanding and 
quantification of the problem. Despite the importance of the region, due to economic limitation the 
meteorological data is not enough to estimate the whole energy fluxes that influence the hydrology of the 
area and do not consider the spatial variation. In this study, we aim to predict the glacier retreat and the 
runoff contributed from the glacierized Andean basins considering global warming. New approaches will be 
proposed for estimating meteorological data, along with a robust hydrological model that considers different 
hydrological response for glacier areas, bare ground areas and wetland areas. Once the data scarcity 
problem is solved and the analytical tools for simulating the hydrological response of the basin are available, 
the main outline can be summarized in three steps (Figure 1): First the future meteorological conditions are 
estimated according to the future climate projection. Then, the glacier retreat and the melting water 
contributed by glacier are estimated. Finally, the hydrological response of the basin is simulated according to 
the different conditions. 
 
Figure 1. Main outline of the study described in three steps. 
New alternatives based on artificial neural networks (ANN) and remote sensing data (RS) were developed 
and evaluated for estimating meteorological variables and their uncertainties (Chapter 4). ANN proved to be 
a valuable tool for estimating long wave radiation and energy budget (EB); ANN are able to predict the 
relation between energy fluxes based on current meteorological data easy to obtain. This EB allowed 
estimating the glacier melting and glacier ablation. The ablation along with the precipitation data allowed 
estimating the glacier mass balance. Precipitation was separated into rainfall and snowfall depending on the 
temperature; when the temperature is lower than -3 ºC precipitation is snowfall; when temperature is 
higher than 1 ºC precipitation is rainfall; and when the temperature is between -3 ºC and 1 ºC the 
precipitation is mixed one. Although the assumed lapse rate was a linear one, the variation of the ablation 
rates were not linear. For elevations higher than 5400 masl melting is almost minimum and most of the 
ablation is due to sublimation. Total ablation and melting decrease with elevation while sublimation shows a 
slight increment with elevation. This is because there is a change in the sublimation – melting relationship. 
Due to the higher elevations not only temperature is lower, but also the water vapour is lower; thus the 
latent heat flux is more likely to be negative which means that more energy is used in sublimation. 
RS data was used to estimate PET; this RS PET was compared with PET was compared with RS based on 
measured data and proved to provide accurate estimations of potential evapotranspiration considering 
spatial variability. It was found that wind induced errors may lead to high underestimation of precipitation. 
Besides, uncertainties from temperature measurements may induce important uncertainties, especially due 
to the assumption of a lapse rate for extrapolation and systematic errors. The lapse rate shows seasonal and 
subdaily variation. Due to the low atmosphere thickness and the meteorological conditions, during the early 
morning hours and after the sunset the ground has a fast cooling and it is normal to have temperature 
inversions, especially during the dry season; during the wet season the cloudy skies act as shelter that store 
energy and breaks the inversions. Systematic errors are especially important, since the thresholds for 
ablation and rain-snow separation are very sensitive; small changes in temperature may change the 
condition from ablation to no ablation or may change the type of precipitation. 
In order to simulate the hydrological response of the basins the Supertank model was improved by 
considering different hydrological response for glacier areas, bare ground areas and wetland areas (Chapter 
5). The model was calibrated and validated for the hydrological years 2011-2012 and 2012-2013. The 
hydrological model was calibrated at one basin and the validated and applied at the other two basins. The 
model accurately represented the hydrology of the basins. However, the Condoriri basin is a special case in 
the limits of acceptance because of the reservoir effect of the Chiar Khota lake. At the end of the dry season 
the lake has low water level; thus it stores water from the early rains until. Although there are other small 
lakes, they are smaller ones and may be neglected. Thus, a bathymetry of the lake was performed in order to 
improve the hydrological model by including a reservoir model. The combination of the Supertank 
hydrological model and the lake reservoir model allows simulating the variation in the water level and water 
storage in the lake. 
The future climate scenarios were estimated according to the MRI-GCM20 projections under the A1B 
scenario, and compared with projections from the regional climate model PRECIS under scenarios A2 and 
B2 (Chapter 6). The temperature projections from the MRI-GCM20 have the lowest bias, while the 
precipitation projections from the MRI-GCM20 have a bias similar to the ones from the other models. All the 
scenarios show that the future temperature will increase. This warming will be highest during the near 
future with incremental trends between 0.36° C per decade and 0.42° C per decade, according to the scenario. 
The warming conditions will be stronger in the lower temperatures; the maximum temperature will be the 
same, but the minimum temperatures will be higher. This is an important variation since it means that 
there will be less freezing conditions and less snowfall; more precipitation will be rainfall instead of snowfall. 
By the end of the century the temperature trend will be about 0.21° C per decade. However, there is a huge 
uncertainty about future precipitation, since there are no statistical significant precipitation trends. Thus, 
climate change is expressed mainly by global warming. 
The previous steps (Chapter 4, Chapter 5 and Chapter 6) were combined in order to estimate the future 
glacier retreat and the future water resources scenarios (Chapter 7). The glacier melt water contribution 
from the basins (about 10% glacierized) for the hydrological year 2011-2012 was found to be between 11% 
and 14%; results that reasonable compared with other tropical Andean estimations. The potential water 
stored in the studied glaciers (0.056 km3) is about 2.66 times the storage capacity of the Tuni reservoir. By 
the year 2039 the extent of the glaciers will be reduced to between 8% to 38% of their current state. The 
remaining glacier areas will be limited to areas above 5400 masl. Although the glaciers will not be 
completely gone, their melt water contribution will be very low and may be assumed a negligible. The 
glaciers show different retreat trends according to their size. The Tuni glacier which is the smalles one shows 
a concave trend that may be assumed to represent its final stage; the Tuni is the smalles glacier and most of 
its area is limited to elevation higher than 5400 masl, thus the ablation rates are very reduced and the 
glacier is almost static. The other glaciers show a more convex trend that shows that the retreat is 
increasing. Besides, it is important to note that melting trends are not necessarily the same as the glacier 
extent trends. The glacier extent is always decreasing, on the other hand, depending on the size pf the 
glacier the melting water may show an initial increase until it reaches a maximum; then the glacier is so 
small that it cannot provide more water despite higher ablation rates. Thus, the melting water begins to 
decrease. 
The future was evaluated assuming that the glaciers are already gone along with a precipitation sensitivity; 
the precipitation was changed assuming 15% more precipitation and 15% less precipitation. Although 
precipitation variability was about 15%, the variations in the discharge were about 9%. This shows that the 
wetlands may play a more important role in the future hydrological response of the area. 
